Background: Phospholipids in insulin granules were characterized. Results: Phosphatidylserine and phospholipids with unsaturated or short fatty acids were concentrated in granules and increased with glucose stimulation. Conclusion: Phosphatidylserine enhances the interaction between proteins in granules and plasma membranes. Unsaturated and short FA increase the fluidity and curvature of lipid bilayers. Significance: Fusion of granules to PM and insulin exocytosis is enhanced.
The lipid composition of insulin secretory granules (ISG) has never previously been thoroughly characterized. We characterized the phospholipid composition of ISG and mitochondria in pancreatic beta cells without and with glucose stimulation. The phospholipid/protein ratios of most phospholipids containing unsaturated fatty acids were higher in ISG than in whole cells and in mitochondria. The concentrations of negatively charged phospholipids, phosphatidylserine, and phosphatidylinositol in ISG were 5-fold higher than in the whole cell. In ISG phosphatidylserine, phosphatidylinositol, phosphatidylethanolamine, and sphingomyelin, fatty acids 12:0 and 14:0 were high, as were phosphatidylserine and phosphatidylinositol containing 18-carbon unsaturated FA. With glucose stimulation, the concentration of many ISG phosphatidylserines and phosphatidylinositols increased; unsaturated fatty acids in phosphatidylserine increased; and most phosphatidylethanolamines, phosphatidylcholines, sphingomyelins, and lysophosphatidylcholines were unchanged. Unsaturation and shorter fatty acid length in phospholipids facilitate curvature and fluidity of membranes, which favors fusion of membranes. Recent evidence suggests that negatively charged phospholipids, such as phosphatidylserine, act as coupling factors enhancing the interaction of positively charged regions in SNARE proteins in synaptic or secretory vesicle membrane lipid bilayers with positively charged regions in SNARE proteins in the plasma membrane lipid bilayer to facilitate docking of vesicles to the plasma membrane during exocytosis. The results indicate that ISG phospholipids are in a dynamic state and are consistent with the idea that changes in ISG phospholipids facilitate fusion of ISG with the plasma membrane-enhancing glucose-stimulated insulin exocytosis.
Glucose and other metabolizable insulin secretagogues stimulate insulin secretion not only by providing energy but also via mitochondrial biosynthesis. Pancreatic beta cell mitochondria have an enormous capacity for synthesis of molecules from insulin secretagogues and the export of their metabolites to the extramitochondrial compartment of the cell. This includes short chain acyl-CoAs, the precursors of lipids (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) , and it so happens that the beta cell is a very lipogenic tissue (9, (11) (12) (13) (14) (15) (16) . One widely recognized pathway of synthesis of lipid precursors in the beta cell is anaplerosis (17) that involves the mitochondrial net synthesis and replenishment of citric acid cycle intermediates combined with cataplerosis, the export of these intermediates to the extramitochondrial space of the cell (1-4, 7-9, 18 -24) . There also appears to be another pathway of mitochondrial biosynthesis in the beta cell. This pathway uses the export of acetoacetate synthesized in mitochondria and its export to the cytosol (5, 6, 21, (25) (26) (27) (28) (29) . Both the acetoacetate pathway and the anaplerotic/cataplerotic pathway can provide short chain acyl-CoAs from glucose as precursors for the synthesis of cellular lipids (Fig. 1 ). The anaplerosis pathway involves the synthesis of citrate from oxaloacetate formed by the anaplerotic enzyme pyruvate carboxylase in mitochondria and citrate's export to the cytosol, where it is converted to acetyl-CoA, a precursor of lipid synthesis, catalyzed by ATP citrate lyase (1-4, 8, 9, 19, 22-24) . Indeed, knockdown of pyruvate carboxylase in the beta cell with siRNA technology inhibits glucose-induced lipid synthesis (12) and insulin release (23, 24) . The acetoacetate pathway involves the synthesis of acetoacetate via succinyl-CoA:3-ketoacid-CoA transferase in mitochondria and the export of acetoacetate to the cytosol, where it is converted to acetoacetyl-CoA by acetoacetyl-CoA synthetase and then to other short chain acyl-CoAs that are precursors for lipid synthesis (Fig. 1) . We have proposed that a major purpose of mitochondrial biosynthesis in the beta cell is to provide precursors for lipid synthesis (4, 5, 11, 12, 22, 23, 29) . Interestingly, for short chain acyl-CoA biosynthesis, human pancreatic islets use succinyl-CoA:3-ketoacid-CoA transferase plus acetoacetyl-CoA synthetase more than anaplerosis/cataplerosis via pyruvate carboxylase plus ATP citrate lyase compared with rodent islets or rodent insulin cell lines (29) , which have been the most common models used for many decades to establish ideas about beta cell metabolism.
Although the rate of lipogenesis in the beta cell can be very high, it is tightly regulated. Too little synthesis of lipids is associated with lower insulin release (7, 11, 12, 14, 30) , and excess lipid in the beta cell derived from excessive lipid synthesis or lipids from exogenous sources is harmful to the beta cell (7, (13) (14) (15) (16) . The first step in lipid synthesis in the cytosol involves the conversion of acetyl-CoA into malonyl-CoA catalyzed by acetyl-CoA carboxylase (ACC). 2 Then fatty acid synthase (FAS) adds malonyl-CoA carbon as C 2 units to a growing fatty acid chain. Rat and human pancreatic islets and rat insulinoma cell lines contain a high concentration of ACC, and the isoform of ACC that these cells contain is ACC1, which is the isoform found in very lipogenic tissues, such as liver and adipose tissue (11) . Although the rat insulinoma INS-1 832/13 cell line (11) and human pancreatic islets (11, 29) contain a high level of FAS, rat pancreatic islets contain only a small amount of this enzyme (29, 31) .
We previously observed that phosphatidylserine (PS) and several other (phospho)lipids increase 10 -20% in pancreatic beta cells during glucose stimulation over a time course coincident with insulin secretion (11) . Also, small molecule inhibitors of ACC and FAS inhibit glucose-or BCH (2aminobicyclo[2,2,1]heptane-2-carboxylic acid) plus glutaminestimulated insulin release from rat pancreatic islets and INS-1 832/13 cells (11) . By using shRNA technology, we recently generated multiple INS-1 832/13-derived cell lines with knocked down FAS or PC. Glucose-stimulated synthesis of certain (phospho)lipids and insulin release was strongly inhibited in these cell lines (12) . (There is, however, one report of FAS knockdown with a single virus-delivered siRNA failing to inhibit insulin release in these cells (32)). The above results suggest that (phosopho)lipids are some of the products of acute biosynthesis in the beta cell and that alterations in the cellular lipid composition are necessary for insulin secretion.
It would seem from a priori reasoning that the lipids in insulin secretory granule (ISG) membranes need to undergo enormous remodeling during insulin exocytosis. Available evidence suggests that metabolism is necessary for both the first and second phase of insulin secretion and establishes full release competence of ISG (33, 34) . Rapid remodeling of lipid in intracellular membranes seems especially necessary for insulin exocytosis during proinsulin synthesis in the endoplasmic reticulum and as proinsulin traverses the cis-Golgi network and is packaged into nascent granules at the trans-Golgi, and the ISG membranes are modified as ISG continue to mature until the ISG lipid bilayer fuses with the plasma membrane lipid bilayer, where insulin is finally extruded into the circulation. Phospholipids (PLs) are the major lipids in cellular membranes. Therefore, it was reasonable to determine whether the phospholipid composition of the ISG changes during exocytosis.
Although ISG proteins, especially SNARE proteins, have been studied in numerous excellent laboratories, there has never been even one report of a comprehensive characterization of lipids in ISG similar to reports of granules or vesicles from other tissues. In this report, we describe an extensive characterization of phospholipids in ISG in pure beta cells (INS-1 832/13 cells) and changes in their composition with glucose stimulation over a time course coincident with the early stages of sustained metabolism-stimulated insulin secretion. In addition, we compared the same lipids in ISG with their concentrations in whole cells and mitochondria. We did not study cholesterol because there have been studies of cholesterol in ISG (16, 30, 35 including PS and PI, increase in ISG during glucose stimulation. Shorter FA length in PL and unsaturated FA in PL favor membrane curvature and membrane fluidity that would enhance fusion and docking of the ISG bilayer with the plasma membrane bilayer. Shorter chain FA in PL and unsaturation in PL FA increased with glucose stimulation.
Flippases are P4 ATPases that catalyze translocation of PS and PE from the luminal side to the cytosolic side of a secretory or synaptic vesicle lipid bilayer and from the extracellular side to the cytosolic side of the plasma membrane lipid bilayer. The negatively charged PS interacts with regions of basic amino acids in SNARE proteins in the vesicle and with regions of basic amino acids in SNARE proteins in the plasma membrane to couple and enhance docking and fusion of the two membranes, thus facilitating exocytosis of proteins. The flippases that are present in beta cells, including in the ISG, have been identified. In line with the idea that phospholipids are in a dynamic state in ISG and that changes in PLs facilitate the interaction of the ISG membrane with the plasma membrane during insulin exocytosis, knockdown of the flippases identified in INS-1 832/13 beta cells and in human pancreatic islets with shRNAs inhibited glucose-stimulated insulin secretion. 3
EXPERIMENTAL PROCEDURES
Materials-[U-14 C]glucose was from PerkinElmer Life Sciences. Silica gel 60 thin layer chromatography plates were from EMD Millipore. INS-1 832/13 cells were from Christopher Newgard (36) . All other chemicals were from Sigma-Aldrich in the highest purity available.
Incubation of Cells to Measure [ 14 C]Glucose Incorporation-INS-1 832/13 cells were maintained as monolayers on 150-mm tissue culture plates in the presence of RPMI medium (contains 11.1 mM glucose), 10% FCS, 1 mM pyruvate, and 50 M ␤-mercaptoethanol (INS-1 medium) until cells were 80 -90% confluent. Cells were then maintained in INS-1 medium modified to contain 5 mM glucose ( Table 1) ), harvested, and fractionated into subcellular fractions using differential centrifugation as described below. Subcellular fractions were then washed 6 -15 times with trichloroacetic acid until the radioactivity in the supernatant fractions of the washed material equaled background levels ( Table 1 ). In separate experiments, the total lipid fraction was extracted directly without acid-washing and saponified to measure glucose incorporation into glyceride fatty acid and glyceride glycerol fractions in INS-1 832/13 cells ( Fig. 2 ). This was done as described previously for experiments with adipocytes (37) except that one-fifth the volume of all reagents for lipid extractions was used.
Subcellular Fractionation of INS-1 832/13 Cells-Monolayers of INS-1 832/13 cells maintained on 150-mm tissue culture plates as described below were placed on ice and quickly washed twice with cold phosphate-buffered saline. Cells were scraped from the plates into a 1.5-ml microcentrifuge test tube and centrifuged at 600 ϫ g for 20 s. All subsequent steps were at 4 ºC. Subcellular fractions were prepared with slight modifications of our (38 -40) and others' (41-44) previously described methods. The cell pellet was suspended in 1 ml of 220 mM mannitol, 70 mM sucrose, 5 mM potassium HEPES buffer, pH 7.5 (KMSH) containing 0.5 mM EGTA and 0.5 mM EDTA (per one or two 150-mm plates) and homogenized with 40 strokes up and down in a Potter-Elvehjem homogenizer. The method was designed to obtain pure ISG free from mitochondria. This resulted in slight contamination of mitochondria with ISG. The homogenate was centrifuged at 600 ϫ g for 10 min, and the resulting supernatant fraction was centrifuged at 12,000 ϫ g for 10 min to generate a mitochondrial pellet. The supernatant fraction from this centrifugation was centrifuged at 20,800 ϫ g for 20 min to generate the insulin granule pellet. This pellet was washed up to three times with KMSH at 20,800 ϫ g for 20 min and used for lipid analysis. The resulting ISG were Ͼ90% pure based on immunoblotting of VAMP2 to detect ISG and the absence of mitochondrial glycerol phosphate dehydrogenase enzyme activity, a marker for beta cell mitochondria in the ISG (data not shown).
Lipid Analyses-INS-1 832/13 cells at 90% confluence were maintained on 150-mm tissue culture plates in INS-1 tissue culture medium containing 3 mM glucose and no pyruvate or ␤-mercaptoethanol for 20 h prior to an experiment. Plates were washed twice with warm phosphate-buffered saline, and cells were incubated in INS-1 medium (RPMI 1640 medium containing 10% FCS) without pyruvate or ␤-mercaptoethanol containing either no glucose or 16.7 mM glucose. After 2 h at 37°C, cells were scraped from each plate into individual test tubes, and 50 l of the suspension was removed and saved for estimation of total protein. Lipids were analyzed in whole cells or subcellular fractions. Chloroform/methanol (2:1) containing 0.01% butylated hydroxytoluene (4 ml/test tube) was added, cells or subcellular fractions were vortexed vigorously for 30 min, and the mixture was allowed to set for 22 h in capped tubes. Lipids were extracted by the method of Bligh and Dyer (45) and separated on Silica gel 60 thin layer chromatography plates. Lipid classes were scraped from the plates and extracted into chloroform/methanol (4:1) containing 0.01% butylated hydroxytoluene. The extract was evaporated to dryness, and lipids were methylated by boiling in 14% boron trifluoride in methanol containing 20 or 2 nmol of pentadecanoic acid as a standard. Hexane and water were added, and the mixture was centrifuged. The organic layer was transferred to a test tube and evaporated under nitrogen and resuspended in hexane and analyzed by gas chromatography, as described previously (11, 12, 46) except that 1.5 ml instead of 4 ml of chloroform/methanol/ butylated hydroxytoluene was added to each test tube for lipid extraction. Data Analysis-Statistical significance, when calculated, was confirmed with Student's t test. Statistical analysis on the measurements of individual lipids is not shown in Figs. 3-14. Measured small differences with glucose stimulation versus without glucose stimulation among levels of individual lipids present at high concentrations could be biologically relevant whether statistically significant or not. In addition, because of the intrinsic low accuracy of measurements of the lipids present at very low concentrations, observed large relative differences among individual lipids present at very low concentrations, although statistically significant, may or may not be real. The general consistency in the directions of the changes in many of the lipids and the positive (or negative) correlation with glucose-stimulated insulin release suggests that the individual and collective changes have biological meaning regardless of the statistical significance of the changes.
RESULTS

Preparation of Insulin Granules and Mitochondrial
Fractions-The emphasis of the current work was on insulin granules. Mitochondria were studied as a conveniently obtained organelle for comparison with insulin granules and were interesting in themselves and because they are the site of metabolism and formation of several PLs, such as in the conversion of PC and PE to PS. Mitochondrial contamination of ISG has been a major problem with purification schemes used to obtain ISG. The scheme for preparation of ISG for lipid analysis was designed to obtain pure granules, by sacrificing the yield of ISG in order to obtain more pure ISG completely free of mitochondria. This resulted in a slight contamination of mitochondria with ISG. ISG used for lipid analysis were washed three times and were 90% pure. An immunoblot with an antibody against VAMP2, a marker for ISG, showed that the ISG fraction used contains a high concentration of this marker and no mitochondrial glycerol phosphate dehydrogenase enzyme activity in the ISG fraction (data not shown). Mitochondrial glycerol phosphate dehydrogenase is present only in mitochon- 
In the presence of high glucose, the concentration of glucose incorporated into ISG and mitochondrial glyceride fatty acid and glyceride glycerol is greater than for the whole cell. Cells in monolayers were incubated in the presence of 1 mM [U-14 C]glucose (specific radioactivity, 0.6 mCi/mmol glucose) or 10 mM [U-14 C]glucose (specific radioactivity, 0.26 mCi/ mmol glucose) as described under "Experimental Procedures." After 45 min, metabolism was stopped, the lipid fraction was extracted, and triglycerides were saponified into glyceride fatty acid and glyceride glycerol fractions. Results are the mean Ϯ S.E. (error bars) of four plates of cells for each condition from three separate experiments. The -fold glucose incorporation in the presence of 10 mM glucose compared with in the presence of 1 mM glucose is shown in parentheses.
TABLE 2 Phospholipid classes of INS-1 832/13 cell secretory granules as a percentage of total lipid compared with published values for pancreatic and chromaffin granules and brain synaptic vesicles
Percentages for pancreatic granules and bovine, rat, and human chromaffin granules are composite values from Ref. 49 -54 . Percentages for brain synaptic vesicles are from Refs. 49 and 50. ND, not described. PS  11  2  9  11  9  12  PE  17  27  33  30  29  36  PI  21  15  2  ND  1  3  PC  22  30  26  37  16  42  SM  10  14  14  9  16  5  LPC  19  9  16  15 23 1 APRIL 24, 2015 • VOLUME 290 • NUMBER 17 dria, and its concentration in beta cell mitochondria is among the highest in the body (47) .Thus, although the mitochondria fraction used was contaminated with ISG, the ISG were not contaminated with mitochondria. In agreement with the mitochondrial glycerol phosphate dehydrogenase activity, electron microscopy showed that there were no mitochondria in the ISG preparation (data not shown). ISG fractions prepared with only differential centrifugation contain primarily proteins specific to insulin granules (38 -44) . Glucose Incorporation into Insulin Granules and Mitochondria-With respect to insulin release, the glucose response curve of INS-1 832/13 cells is left-shifted compared with pancreatic islets, and nearly maximal insulin release in these cells is seen at 11 mM glucose (36) . INS-1 832/13 cells were incubated with 14 C-labeled 1 mM glucose and 10 mM glucose for 30 min. In the presence of 10 mM glucose, the amount of glucose carbon incorporated into ISG and mitochondria was 20 and 22%, respectively, of the total glucose carbon incorporated into the whole cell. The amount of glucose carbon incorporated into the ISG and mitochondria was 8 and 4 nmol/mg of protein, respectively. This represented an 8.5-fold increase in the incorporation of label into the ISG compared with in the presence of the 1 mM concentration of glucose (Table 1 ). Fig. 2 shows glucose incorporation into glyceride fatty acid and glyceride glycerol moieties of phospholipids and triglycerides in INS-1 832/13 cells incubated for 45 min in the presence of 10 or 1 mM glucose. As expected, most of the incorporation of glucose was into the glycerol backbone of PL and triglycerides. However, the glucose incorporated into glyceride fatty acids was 4.1-fold higher in ISG and 4.8-fold higher in mitochondria in the presence of 10 mM glucose compared with 1 mM glucose ( Fig. 2) , indicating that rapid de novo synthesis of fatty acids in PL and triglycerides can occur in the beta cell.
Lipid class
Insulin granules
Pancreatic granules
Chromaffin Granules Brain synaptic vesicles Bovine Rat Human
% % % % % %
TABLE 3
Distributions as percentages of totals of individual saturated and unsaturated fatty acids in phospholipids of ISG, mitochondria (Mito), and whole INS-1 832/13 cells
Insulin Granule Phospholipids in Pancreatic Beta Cells
PL Composition of Insulin Granules- Table 2 shows the percentages of various PL in ISG compared with values from the literature for adrenal chromaffin granules, brain synaptic vesicles, and pancreas acinar granules (48 -54) . The PL classes of ISG most closely resemble that of bovine, rat, and human adrenal gland chromaffin granules. The most striking difference between chromaffin granules and ISG was the exceptionally high percentage of PI of 21% in ISG (versus 2% in chromaffin granules), which was most similar to the high level of PI in pancreatic granules ( Table 2 ). The percentage of PS of 10% in ISG was about the same as in chromaffin granules and brain synaptic vesicles. The percentage of PE in ISG was about 70% of that in chromaffin granules, and PC was about 60% of the percentages in chromaffin and pancreatic granules and brain synaptic vesicles ( Table 2 ). The percentage of sphingomyelin (SM) of 10% in ISG was about the same or slightly lower than the percentage of SM in chromaffin granules and pancreatic gran- ules but higher than that in brain synaptic vesicles. The percentage of lysophosphatidylcholine (LPC) in ISG of 19% was about the same as that in chromaffin granules, much higher than that in brain synaptic vesicles (1%), and about twice as high as that in pancreatic granules (9%).
Phosphatidylserine
Lipids, Percentage of Total- Table 3 shows the percentages of individual fatty acids in the major PL classes in ISG, mitochondria, and whole INS-1 832/13 cells. The distribution of PL in ISG differed from that of the whole cell and mitochondrion. The percentage of short chain FA 12:0 and 14:0 in PS, PE, and PI in ISG and mitochondria were in general much higher than for the whole cell ( Table 3 ). The percentage of unsaturated FA was about 25% higher in PS and PI compared with the whole cell. In contrast, the percentages in ISG and mitochondria of unsaturated FA in PE and PC were 15-30% lower than in the whole cell and equal to that in SM ( Table 3) .
The percentages of total FA 12:0 and 14:0 were much higher in PS, PE, PI, and SM compared with the whole cell. The percentage of FA 16:1 was lower in PS and PE in ISG compared with the whole cell. The percentage of FA 18:0 in PS, PE, and PI was much lower in ISG than in the whole cell. The percentage of FA 18:2(n-6) was higher in ISG PS and PI compared with the whole cell. The percentage of FA 20:4(n-6) in ISG was lower in PS, PE, and PI than in the whole cell, and the percentage in PC was higher. The percentage of FA 20:1(n-9) was higher in PS, PE, PI, PC, and SM in ISG than in the whole cell. The percentage of FA 22:1(n-9) in PS was much higher in ISG than in the mitochondria and the whole cell. Overall, the percentage of total unsaturated PS, PE, and SM in ISG was similar to that of the whole cell. The percentage of unsaturated FA in PE and PC in ISG was less than half of the total percentage in the whole cell (Table 3) . However, as shown in Figs. 3-14 , the concentration of unsaturated FA in certain PL was much higher in ISG than in the whole cell.
Granule PS-The concentration of total PS in ISG, when expressed on the basis of the protein concentration, was 5-fold that of the whole cell. The concentration in ISG of PS containing unsaturated FAs was 5.8-fold that of the whole cell (Fig. 3) . The levels of PS with the short chain FAs 12:0 and 14:0 were 8and 23-fold higher than in whole cells. The PS with 16:0, 18:0, 18:1(n-7), and 18:1(n-9) FAs were present in levels 3-9-fold higher in the ISG than in whole cells. All PS measured were more concentrated in the ISG fraction than in the whole cell fraction. The FAs present in the highest levels were 16:0, 18:0, and 18:1(n-9).
The levels of the total PS increased by 17% with glucose stimulation. PS containing unsaturated FAs increased 37%, and PS containing 12:0, 18:1(n-7)), 20:4(n-6), and 22:1(n-9) increased the most (Fig. 3) . Interestingly, PS with 18:2(n-6) (linoleic acid), which is an essential FA that comes from the diet and is not produced in the body, was present at the low level of only 1.4 nmol/mg protein but concentrated 14-fold in ISG compared with the whole cell and doubled in ISG with glucose stimulation. The high content of short chain fatty acids and unsaturated fatty acids in ISG and their increase with glucose stimulation should make the ISG membranes more fluid. APRIL 24, 2015 • VOLUME 290 • NUMBER 17
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Mitochondrial PS-PS with various FA side chain lengths were concentrated more in mitochondria compared with the whole cell. However, the concentrations of the PS with shorter and medium chain FAs (12:0, 14:0, and 18:0) were one-third to one-half those in the ISG fractions (cf. Fig. 4 versus Fig. 3 ). The concentrations of the major FAs in PS 16:0, 18:0, 18:1(n-9), 18:1(n-7), and 18:2(n-6) were slightly lower or similar to those in the ISG fraction. The level of PS containing FAs of 20:0 length and longer were similar to those of the secretory granules, considering the probable lower accuracy of measurements of these lipids present at very low concentrations. The concentrations of almost all PS in the mitochondria (Fig. 4 ) decreased with glucose stimulation in contrast to in the insulin granule fraction, where almost all PS increased (Fig. 3) , possibly consistent with the conversion of PS to other PLs and their export out of mitochondria (55, 56) and a shift of PS out of mitochondria to the granules and elsewhere in the cell.
Granule PE-The concentration of total PE in ISG was essentially equal (1.2 fold) to its concentration in the whole cell (Fig.  5 ). The concentrations of PEs with 12:0 and 14:0 FAs were 50and 10-fold higher in ISG compared with the whole cell lipids when expressed on the basis of the protein in the granule fraction and in the whole cell. That of 16:0 was 3.7-fold higher in ISG compared with the whole cell. In contrast, the concentration of PEs with medium chain and/or unsaturated FAs (16:1, 18:0, 18:1(n-9), 18:1(n-7), and 18:2(n-6)) were about the same or 30 -50% lower in the ISG fraction than in the whole cell. The concentration of PEs with longer chain FAs in the granule were lower compared with those in the whole cells and in many cases undetectable. With glucose stimulation, the granule PEs with FA side chains 12:0, 14:0, and 16:0 decreased to 35-65% of the unstimulated granule PE levels. The concentrations of other granule PEs with longer FA chains were essentially unchanged with glucose stimulation, and the total decreased 35% ( Fig. 5 ). PEs with unsaturated fatty acids decreased 15%.
Mitochondrial PE-Similarly to PS, the concentrations of PEs with FAs 12:0, 14:0, and 16:0 were higher in mitochondria than in the whole cell but not as high as in ISG. The levels of the PEs with longer FAs were similar to those in the whole cell. The total concentration of PEs in mitochondria was 146% that of the whole cells. Many of the mitochondria PEs increased with glucose stimulation in contrast to the ISG PEs (Fig. 6) .
Granule PI-The total PI concentration in the ISG fraction was 5-fold that in the whole cell, and that of PI containing unsaturated FAs was 6-fold higher than in the whole cell. The concentrations of PIs with 12:0, 14:0, and 18:3(n-6) FA side chains were 20-fold or higher in the ISG fraction than in the whole cell. The concentrations of PIs with 16:0, 16:1, 18:0, 18:1(n-9), and 18:1(n-7) were 2-8-fold higher. The concentrations of PIs with very long chains 20:0, 20:3(n-6), 20:5(n-3), 22:0, and 24:0 in ISG were low but were higher then in the whole cell ( Fig. 7) . 
. The concentration of phosphatidylethanolamine in insulin secretory granules is similar to the whole cell in INS-1 832/13 cells, the concentration of phosphatidylethanolamine with short chain fatty acids is higher, and phosphatidylethanolamine in insulin secretory granules decreases with glucose stimulation.
Measurements were made on the same insulin secretory granules and whole cells used in the experiments described in the legend to Fig. 3 . ND and NC, not detected and not calculated, respectively. Interestingly, with glucose stimulation the concentration of many of the PIs in the granule increased ( Fig. 7) , but the concentration of most PIs in the mitochondria decreased ( Fig. 8) . PIs in the whole INS-1 832/13 cells decrease with glucose stimulation (11) . The decrease in PI levels in the whole cell is consistent with studies of pancreatic islets that show a breakdown of radiolabeled PIs with glucose stimulation performed years ago by our laboratory (38, 57, 58) and other laboratories (59 -61) . This might suggest a shift of phosphoinositides from other cellular compartments (such as the mitochondria, where the concentrations of most PIs decreased (Fig. 8) ) into the insulin granule fraction with glucose stimulation.
Mitochondrial PI-The concentration of total PIs in mitochondria was about one-fifth as high as in the ISG and 68% that in the whole cell. PIs with FAs of 12:0, 14:0, and 16:1 were more concentrated in mitochondria compared with the whole cell, but about one-half or less as concentrated as in the ISG fraction. Other PIs in mitochondria except for those with FAs of 16:0, 18:0, 18:1(n-9), and 20:4(n-6) were slightly more concentrated in the mitochondria compared with the whole cell. As mentioned above, almost all mitochondrial PIs decreased with glucose stimulation (Fig. 8 ). The concentrations of PCs with various FAs were lower than in ISG or similar to the whole cell.
Granule PC-The concentrations of total PCs and PCs containing unsaturated FAs in ISG were 68 and 32%, respectively, that of whole cells (Fig. 9 ). The concentrations of PCs with 12:1, 20:4(n-6), and 20:5(n-3) were 26-, 3-, and 50-fold higher, respectively, in the ISG compared with the whole cells. PCs with 22:6(n-3) in ISG were present at a level of 0.21 nmol/mg of protein, which is 100-fold the level in the whole cell. The concentration of the total and unsaturated ISG PCs and most individual PCs did not increase significantly with glucose stimulation. Those showing a large percentage change were PCs present at extremely low levels, and thus the accuracy of their measured levels was low ( Fig. 9) .
Mitochondrial PC-The concentrations in mitochondria of total PCs and PCs with unsaturated FAs were 59 and 32%, respectively, that of the whole cell. The concentrations in mitochondria of the more abundant PCs with 14:0, 16:0, 18:0, and 18:1(n-9) FAs were 30 -40% lower than in the ISG fraction, and the levels of the PCs with other FAs were very similar to those in the granule fraction. The concentration of PCs with FA chains 14:0, 16:0, and 18:0 were the same in mitochondria as in the whole cell. Except for 20:3(n-9), all 20 carbon FAs were higher in mitochondria than in the whole cell. PCs with 22:6(n-3) were present at a level of 0.4 nmol/mg of protein, which is a level 200-fold that in the whole cell. Except for PCs with 14:0 that were increased with glucose stimulation in mitochondria, similar to in insulin granule fractions, the changes in the PCs with other FAs were not significant. Any other large percentage changes were in PC containing a very low level of a FA, and thus the accuracy of the measurements was low (Fig. 10) .
Granule SMs-The concentrations of total SMs and SMs containing unsaturated FAs in ISG were 3.3-and 3.5-fold, cose stimulation except for 18:1(n-9), which was increased about 20% with glucose stimulation (Fig. 11) .
Phosphoethanolamine
Mitochondrial SM-The concentrations of total SMs and SMs containing unsaturated FAs in mitochondria were 1.7-and 1.6-fold, respectively, that in the whole cells and about half that of the ISG. Almost all SMs with individual FAs were concentrated in the mitochondria compared with the whole cell, but the concentrations were about half those of the ISG. Glucose stimulation did not change or lowered by 25% most of the SMs in mitochondria (Fig. 12) .
Granule LPC-The concentrations in mitochondria of total LPCs and LPCs with unsaturated FAs were 2.8-and 4.3-fold, respectively, that of the whole cell. ISG LPCs with FAs 14:0, 16:0, 16:1, 18:0, and 18:1(n-9) ranged from 1.7-to 4.7-fold that of the whole cell. The levels of total, unsaturated, and many individual LPCs decreased 40 -60% with glucose stimulation (Fig. 13) .
Mitochondria LPC-The concentrations of total and unsaturated LPCs in mitochondria were 30 and 40%, respectively, those in the whole cell. These, as well as individual LPCs, decreased 20% to almost 50% with glucose stimulation (Fig.  14) .
DISCUSSION
The profile in the beta cell of the enzymes necessary for lipid synthesis strongly suggests that the beta cell is a lipogenic tissue (11) . Lipids increase in the beta cell with glucose stimulation during a time course that coincides with insulin secretion (11) . Also, knockdown of FAS inhibits the glucose-stimulated increase of lipids and inhibits insulin release (12) . It would seem, based on a priori reasoning, that rapid lipid remodeling of intracellular membranes is especially necessary during insulin synthesis and exocytosis, when proinsulin is synthesized in the endoplasmic reticulum and converted to insulin as it traverses the cis-and trans-Golgi networks and is packaged into secretory granules, and the granule membranes are modified as granules mature until eventually the insulin granule membranes fuse with the plasma membrane, where insulin is finally extruded into the circulation. Synthesis of precursors of lipids (i.e. short chain acyl-CoAs) by mitochondria may play a role in the lipid restructuring of cellular membranes because knockdown of the mitochondrial enzymes pyruvate carboxylase (23, 24) , needed for anaplerosis/cataplerosis, and succinyl-CoA:3ketoacid-CoA transferase (28), needed for the acetoacetate pathway ( Fig. 1) , inhibits glucose-stimulated insulin release and prevents the increase in PLs in the beta cells (12) . The current work shows that ISG are a major site of phospholipid remodeling in glucose-stimulated beta cells. PLs, the major lipids in cellular membranes, especially the negatively charged ones and those with unsaturated FAs, are concentrated in ISG and increase with glucose stimulation (Figs. 2, 3, 5, 7, 9, 11, and 13) .
Lipid Composition of ISG-A high lipid/protein ratio is a general characteristic of secretory granule and vesicle membranes (52) (53) (54) , such as chromaffin granules, brain synaptic vesicles, and pancreas exocrine granule membranes (54) , and this is what we observed with ISG. The concentration of many PLs in ISG from INS-1 832/13 cells is much higher than their concentrations in the whole cell or mitochondria (Figs. 3, 7, 11, and 13 ). As discussed below, the negatively charged PLs PS and PI in ISG are most likely the PLs most relevant to docking of ISG with the plasma membrane during insulin exocytosis. The concentrations of PS (Fig. 3) , PI (Fig. 7) , and SM (Fig. 11) in ISG were 5-, 5-, and 3-fold, respectively, that of the whole cell. In most tissues, PS is abundant in the plasma membrane and certain intracellular organelles. Table 2 shows the percentages of various PLs in ISG compared with values published for other types of neurosecretory granules. The percentage of PS (10%) in ISG is very similar to the percentage of PS in bovine, rat, and human chromaffin granules (9 -11%) and brain synaptic vesicles (12%) and much higher than in pancreatic granules (2%), whereas the percentages of PE and PC in ISG are about 30% lower than in chromaffin granules, pancreatic granules, and brain synaptic vesicles. The percentage of PI in ISG (21%) is much higher than in chromaffin granules and brain synaptic vesicles (1-3%) but is about the same as in pancreatic granules (15%) (53, 54) . The percentage of LPC in ISG (19%) is very similar to the percentage in chromaffin granules but much higher than the percentage in brain synaptic vesicles (1%). The percentage of SM among lipid classes in ISG (10%) is within the range in chromaffin granules and pancreatic granules (9 -16%) but higher than in brain synaptic vesicles (5%) (48 -54) .
Phospholipids in Vesicle Membranes Relative to Other Cellular Membranes-Substantial information is known about PLs in whole cells and the plasma membrane as well as in vesicles in many cell types but not in ISG. Knowledge of the lipid composition and function of vesicles has lagged behind the knowledge of proteins in intracellular organelles, especially in ISG that have not previously been systematically studied. The FA composition of PL in the ISG relates to the idea of asymmetric distribution of lipid classes across a bilayer. Although there are conflicting data, according to the universal model membrane based on the plasma membrane of human erythrocytes and other tissues, PS, PE, and PI are located on the cytoplasmic side of the plasma membrane, and most PC and SM are on the outer surface (55) . In almost all mammalian cells, PC accounts for 50% of total cellular phospholipids. PE is the second most abundant phospholipid in mammalian membranes, contributing 20 -30% of total phospholipid content. PE is found in greater abundance in the inner leaflet of the plasma membrane, with ϳ20% of plasma membrane PE found on the outer leaflet. Due to the small headgroup of PE, it has a propensity to form nonbilayer structures. This is important in the formation of new membranes and vesicles as well as for membrane fusion and budding processes. According to the universal membrane model, this would place PC and SM on the luminal side of the ISG membrane and PS, PE, and PI on the cytoplasmic side of the ISG membrane. This puts stable bilayer formers on the luminal surface and the lipids most favoring membrane fluidity on the cytoplasmic surface (52) . PS is the most abundant anionic PL, and it accounts for 5-10% of cellular PL in most cells. The predominance of PS in the cytosolic (inner) monolayer surface of the plasma membrane and its tendency to be located on the cytosolic (outer) leaflet of intracellular vesicles (55) have implications for protein secretion. The anionic character of the serine headgroup of PS promotes interactions between PS and the positively charged SNARE proteins in the inner leaflet of the plasma membrane and the positively charged SNARE proteins in the outer leaflet of vesicles to facilitate contact between these proteins during secretion of the contents of the vesicles. In addition, PS is an essential cofactor that binds to and activates a large number of proteins especially those with signaling activities (55) , including some involved with protein secretion (62) (63) (64) (65) (66) (67) (68) .
PL Composition in ISG Relevant to Membrane Fluidity, Curvature, and Fusion-The properties of PL in ISG suggest that they were designed for fusion of the ISG bilayer with the plasma membrane bilayer. Conditions that favor membrane fusion are increased membrane fluidity and curvature. Membrane fluidity is favored by short chain and unsaturated FA in PL. Unsaturated FA can also increase the curvature of membranes. ISG are particularly rich in PS, PI, and SM compared with these PL classes in the whole cell and mitochondria (Figs. 3, 7, and 11 and Tables 2 and 3 ). The ISG content of the shorter chain fatty acids 12:0 and/or 14:0 are quite high in PS, PE, PI, and SM compared with the whole cell and also compared with the mitochondria (Figs. 3, 5, 7, and 11) .
The concentration of unsaturated fatty acids is quite high in ISG compared with the whole cell and/or mitochondria (Figs. 3, 7, 11, and 13) . The concentration of unsaturated FA in PS and PI (ISG PS and PI compared with whole cell unsaturated FA ratios of 5.8 and 6 in PS and PI and percentages of unsaturated FA of 30 and 38% of total ISG, respectively), including 18-carbon unsaturated FAs in PS (18.5%) and PE (13.5%) compared with PC (4.1%) and SM (5.2%), is quite high. In line with the idea of increased PL unsaturation and short chain FA in PL facilitating membrane fusion, the percentages of ISG PS and PI containing unsaturated fatty acids increased by 28 and 37%, respectively, with glucose stimulation (Figs. 3 and 7) . With glucose stimulation, the concentration of ISG PS with fatty acid chains 12:0, 18:1(n-7), 18:2(n-6), 18:3(n-6), 20:4(n-6), and 22:1(n-9) increased.
Among the PI in the ISG, almost all of them increased with glucose stimulation (Fig. 7) , whereas the phosphoinositides in mitochondria (Fig. 8 ) and the in the whole cell decreased (11) . This may indicate a breakdown of PI in the whole cell, as is known to occur with glucose stimulation in pancreatic islets 
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FIGURE 13. Slightly higher concentration of total lysophosphatidylcholine and lysophosphatidylcholine containing unsaturated and short chain fatty acids in insulin secretory granules relative to the whole cell concentration in INS-1 832/13 cells and decreases in lysophosphatidylcholines in insulin secretory granules with glucose stimulation.
Measurements were made on the same insulin secretory granules and whole cells used in the experiments described in the legend to Fig. 3 . ND and NC, not detected and not calculated, respectively. (38, (57) (58) (59) (60) (61) and in addition an intracellular shift of PI into the ISG with glucose stimulation. The concentrations of PC and SM in the ISG where not changed significantly with glucose stimulation except for an increase in 14:0 in the PC (Fig. 9 ).
Glutamine is a metabolic fuel that can supply energy for cells in tissue culture, including in beta cells. Because the cells were maintained in complete tissue culture medium that contains glutamine during the entire duration of the experiments in the presence and absence of glucose, any changes with glucose compared with the absence of glucose were a result of stimulation by glucose rather than glucose acting only as a fuel.
We are aware of only one other study of PL in insulin granules. This study was focused on arachidonic acid in PLs and plasmalogens. Plasmalogens are a type of PL with an ether linkage at the sn-1 position and an ester linkage at the sn-2 position in contrast to ester linkages at both positions in the more common aminophospholipids. The most common headgroups in plasmalogens are ethanolamine or choline. Turk and co-workers (69, 70) observed that ethanolamine plasmalogens are abundant in human and rat pancreatic islet beta cells, including in insulin granules and plasma membranes, and that they contained an arachidonate residue at the sn-2 position and fatty alcohol palmitic, oleic, or stearic residues at the sn-1 position as is typical of most plasmalogens. Interestingly, they demonstrated fusion of islet secretory granule and plasma membranes catalyzed by cytosolic components from insulinoma cells with similarities to a rabbit brain factor that specifically catalyzed fusion of plasmenylethanolamine-containing membranes. Plasmalogens are not identifiable by gas chromatography as was used in our current study.
Possible Interactions of ISG PL with SNARE Proteins-Evidence from many studies of models of membrane-membrane fusion suggests that vesicle PS plays a specific role in exocytosis via its interaction with vesicle and plasmalemmal SNARE proteins that carry out the docking and fusion of the vesicle membrane with the target plasma membrane. In neurons and neurosecretory cells, regulated exocytosis requires calcium-dependent fusion of the membrane of a docked vesicle or secre-tory granule aided by SNARE proteins. In synaptic vesicles, a much studied model, this fusion is mediated by the SNARE protein VAMP2 (also called synaptobrevin2 (Syb2)) anchored in the outer leaf of the vesicle membrane interacting in a zipperlike fashion with syntaxin1a (Syx1a) and SNAP25 anchored in the target plasma membrane (68, (71) (72) (73) (74) (75) . These proteins are also found in the beta cell (68, (77) (78) (79) (80) (81) (82) (83) .
SNARE proteins Syx1a, VAMP2, and SNAP25 share 60 -70amino acid-long highly conserved juxtamembrane polybasic amino acid sequences called SNARE motifs that bind negatively charged PL, such as PS. Syx1a and VAMP2 possess a single SNARE motif, and SNAP25 possesses two such domains (74) . The enrichment of acidic PL, such as PS and PI (72, 76) , in the inner leaflet of the plasma membrane and the presence of PS on the outer leaflet of vesicle membranes allows the negatively charged PS to act as a coupling factor, facilitating interaction between the polycationic positive charged binding domains of Vamp2 in the vesicles and Syx1a and SNAP25 located in the plasma membrane (67) . This facilitates the "zippering" interaction between the two membranes and thus the docking of the vesicle and fusion with the plasma membrane. In support of this concept, mutations in the lipid-binding juxtamembrane domain that reduce the VAMP2 net positive charge and thus its interaction with negatively charged lipids interfere with normal catecholamine release from chromaffin cells (72, 75) and inhibit secretion of insulin granules from beta cells (68) . In line with this idea that PS and PI enhance the fusion of the vesicle membrane with the target plasma membrane, we observed that the concentrations of the negatively charged PS and PI are 5-fold higher in ISG compared with the whole cell and that upon glucose stimulation, the concentrations of PS and PI increased in the ISG (Figs. 3 and 7) .
PS could play additional roles that facilitate the docking of ISG with the plasma membrane. The synaptic vesicle protein synaptotagmin 1 (Syt1) binds PS in a calcium-dependent manner (64, 65) . Increased PS levels in PC12 cells produce an increase in calcium-triggered membrane fusion and catecholamine release (62, 63) . PS may enhance membrane fusion through an affinity for curved areas of membrane vesicles. A 25-mer peptide, MARCKS-ED, based on the effector domain sequence of the intracellular membrane protein myristoylated alanine-rich protein kinase C substrate, can recognize PS with preferences for highly curved vesicles (66) .
Active Role of Flippase Enzymes in Insulin Secretion-Flippases are P4 ATPases that rapidly move the aminophospholipids PS and PE from the outer leaflet to the cytosolic leaflet of the plasma membrane and, in the case of intracellular vesicles, from the inner leaflet to the cytosolic leaflet (84 -87) . These integral membrane proteins transfer the polar head of the aminophospholipid through the hydrophobic center of the lipid bilayer against a concentration gradient. From the findings discussed above, one can see that the movement of PS from the inner to the outer leaflet of the ISG could facilitate docking of the ISG with the plasma membrane. We have identified the flippases present in human and rat in pancreatic islets and INS-1 832/13 cells, including in ISG. Knockdown of these flippases in INS-1 832/13 cells and human pancreatic islets inhibits glucose-stimulated insulin release. 3 Conclusion-The current data show that ISG PLs, especially negatively charged PLs PS and PI, as well as PLs containing short chain and unsaturated fatty acids are in a dynamic state during insulin exocytosis. Taken together with known actions of PS and phosphoinositides as well as properties of PLs containing short chain and unsaturated fatty acids in enhancing fusion of lipid bilayers, the results indicate that ISG PL modifications play key roles in the insulin exocytosis process. Flippase data further suggest that the PLs of the ISG are rapidly modified and are in a dynamic state during insulin secretion.
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